Magnetic confinement of the superconducting condensate 
in superconductor/ferromagnet hybrid composites 
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The influence of an inhomogeneous magnetic field on the magnetoresistance of thin Al films, used 
in different superconductor/ferromagnet hybrids, has been investigated. Two contrasting magnetic 
textures with out-of-plane magnetization are explored, namely (i) a plain film in a multidomain 
state and (ii) an array of micro-sized dots. The stray fields of the ferromagnetic structures confine 
the superconducting condensate and, accordingly, modify the condition for the nucleation of super- 
conductivity. By switching between different magnetic states of the ferromagnet, this confinement 
can be tuned at will, hereby reversibly changing the dependence of the critical temperature T c on an 
external magnetic field H. In particular, the continuous evolution from a conventional linear T C (H) 
dependence with a single maximum to a reentrant superconducting phase boundary with multiple 
T c peaks has been demonstrated. 

PACS numbers: 74.78.-w 74.78.Fk 74.25.Dw 



The localization of a particle in a restricted volume 
is known to lead to a discrete energy spectrum due to 
the particle's wave nature. In some cases the trapping 
potential can be created artificially in a controlled way 
(e.g., in quantum dots and wells), and the geometry- 
dependent structure of the energy levels provides a con- 
venient way to control the optical and transport proper- 
ties of such objects [l[ . Remarkably, some basic concepts 
of standard quantum mechanics (including the confine- 
ment of the wave function) can also be applied to more 
complicated systems, like superconductors, in which a 
quantum condensate consisting of paired electrons de- 
velops. In this case, the energy of the lowest Landau 
level Elll(H), where H is the external magnetic field, 
determines the critical temperature T C (H) at which su- 
perconductivity nucleates [2|. Due to the strong depen- 
dence of Elll(H) on the imposed confinement, T C (H) 
for superconducting micro- and nanostructures, differs 
significantly from that observed in bulk superconductors 
[3|]. Unfortunately, once this "geometrical" constraint is 
created, the trapping potential cannot be modified any 
longer. 

However, the use of superconductor/ferromagnet 
(S/F) hybrids provides an appealing alternative to lo- 
calize superconducting Cooper-pairs. In such S/F hy- 
brids the proximity effect [4[ as well as the stray fields 
of the ferromagnet Q play an important role in chang- 
ing the superconducting properties. A magnetic tem- 
plate which creates a nonuniform magnetic field distri- 
bution is able to localize the superconducting condensate 
(or normal electrons @). Such a modulated field profile 
can result in exotic shapes of the T C (H) phase boundary 
for superconductor/ferromagnet (S/F) hybrids, reveal- 
ing a simple shift of the T c maximum towards a certain 
magnetic field (so called field-induced-superconductivity 



Bill]) j or a more complicated non-monotonic T C (H) de- 
pendence with two maxima (reentrant superconductiv- 



ity 0, [Tot and are commonly explained in terms 

of magnetic field compensation effects. Indeed, for thin 
superconducting films, placed in a nonuniform magnetic 
field, superconductivity first nucleates near the \B Z \ min- 
ima, where B z is the out-of-plane component of the total 
magnetic field 0]. The role of the nonuniform fields is 
simply to locally compensate an applied magnetic field, 
hereby enhancing superconductivity in the compensated 
area and consequently obtaining a maximum T c at some 
nonzero applied field. However, not only the amplitude 
of the stray field, induced by the magnetic template, is of 
importance [IH (as it follows from the idea of field com- 
pensation). According to the quantum size effect men- 
tioned above, also the length scales of the area, where 
the compensation takes place, are crucial for the appear- 
ance of superconductivity. More precisely, localizing the 
superconducting order parameter (OP) in a wide region 
can result in a higher T c than a localized OP in a nar- 
rower region. 

This Letter is aimed to demonstrate how tunable mag- 
netic confinement of the superconducting order parame- 
ter can practically be realized. We show that this con- 
finement is strongly dependent on the detailed structure 
of the underlying magnetic template. In addition, a re- 
versible evolution of the T C (H) phase boundary can be 
obtained by changing the magnetic state of the template. 
These results bridge the gap between two apparently dif- 
ferent subjects: domain-wall superconductivity and field 
induced superconductivity. 

In order to investigate the effects of the OP localiza- 
tion experimentally, two S/F hybrid samples with differ- 
ent ferromagnetic subsystems were investigated: a plain 
ferromagnetic film, containing bubble domains, and a 
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FIG. 1: (color online) (a) Magnetization loops M(H) of the 
Co/Pt plain film at 300 K (a) and 5 K (□). The magnetic 
field axis is normalized by the corresponding coercive field 
H 5 C K = 397 mT and Hf )0K = 191 mT; (b) Remanent mag- 
netization M rBm , measured at 5 K and H = after satura- 
tion and subsequent application of a returning field H re t [this 
procedure is shown schematically in panel (c)]; (d-g) MFM 
pictures (5x5 /jm 2 ) obtained at 300 K for H re t/H c = -0.92, 
-1.05, -1.31 and 1.57, respectively. The dark (bright) color 
represents domains with positive (negative) magnetization. 



square array of 1.52 sized magnetic dots with a pe- 
riod of 2 fMXL In both cases the ferromagnets consist 
of a Pt(2.5 nm) buffer layer covered by a multilayer of 
[Co(0.4 nm)/Pt(1.0 nm)]„, where n = 15 for the plain 
film and n = 10 for the dots. The resulting magnetic 
structures show well-defined out-of-plane magnetization 
■ Both templates are covered by a 5 nm thick Si layer 
followed by a superconducting Al layer of 50 nm thick- 
ness. Since the Al film is insulated from the ferromag- 
netic substrate, the interaction between ferromagnet and 
superconductor is electromagnetic in origin with negligi- 
ble proximity effects. Note that due to the low upper 
critical field of Al, the nonuniform magnetic fields should 
have a stronger influence on the superconducting prop- 
erties of an Al film in comparison with Pb or Nb. 

The magnetic properties of the plain Co/Pt multi- 
layer were investigated using a commercial Quantum 
Design SQUID magnetometer. Figure HJa) shows the 
hysteresis loop at 5 K and 300 K after renormalization 
by their respective coercive fields H^ K = 397 mT and 
jj300K _ -^g-^ m rp_ Clearly the magnetization changes 
drastically for applied fields of the order of the coercive 
field H c [dark grey area in Fig. QJa)]. This fact allows 
us to control the magnetization M in zero externally ap- 
plied field H = 0. Indeed in Fig. QJb) this remanent 
magnetization M(H = 0) is shown after saturating the 
film, applying a certain returning field H ret and return- 
ing back to zero field [see Fig. [ijc)] for different H ret val- 
ues. Clearly any remanent magnetization between posi- 
tive and negative saturation can be obtained by varying 
H ret . To investigate the microscopic domain distribution 
corresponding to these remanent magnetization states, 
Magnetic Force Microscopy images were taken at room 
temperature. In Fig. QJd-g) MFM images are shown for 
a selected set of returning fields, giving details about the 
evolution from positive to negative magnetization. Hav- 
ing both hysteresis loops coincide nearly perfectly indi- 
cates that similar magnetization reversal processes occur 
at low temperatures. Accordingly, the domain distribu- 
tion is expected to undergo a similar evolution at low 
temperatures as well. Thus by choosing the appropriate 
H ret value the desired domain distribution can be read- 
ily prepared To control the magnetic state of the 



FIG. 2: (color online) (a) Schematic presentation of an S/F 
bilayer with a ID domain structure with different widths 
of positive L^ + ' and negative domains; (b) Profile 

of the z— component of the magnetic field, calculated for 
l/ - - 1 = 0.5 at a height of h = 30 nm using a satura- 

tion magnetization of Mo = 3.5 ■ 10° A/m and a ferromag- 
netic film thickness Dp — 23 nm; (c) Field dependence of the 
critical temperature T c of the considered S/F bilayer, calcu- 
lated for several ratios of a = / assuming the pe- 
riod L (+) + L ( -) = 500 nm to be constant. The parameters 
of the Al film are chosen close to the experimentally deter- 
mined values: critical temperature in zero field T c o = 1.4 K 
and coherence length £(0) = 100 nm. (d) The experimental 
phase boundaries T C (H) for the bilayered sample in various 
magnetic states, obtained through different returning fields: 
Hr e t/H c = (I), -1.05 (II), -1.11 (III), -1.15 (IV) and 
— 1.21 (V). The inset shows magnetoresistance measurements 
for temperatures (top to bottom) T = 0.671 K, 0.642 K, 0.610 
K, 0.583 K, 0.551 K, and 0.522 K. 



dots the same procedure can be applied since the diam- 
eter of the dots exceeds the typical size of the domains. 
Accordingly they are in a multidomain state [3] and any 
intermediate remanent magnetization can be reached. 

For a better understanding of the superconducting 
properties in the presence of an inhomogeneous mag- 
netic profile, the T C (H) phase boundaries are calculated 
within Ginzburg-Landau theory and are compared with 
the experiment. As a simplest model we assume an in- 
finitely thin superconducting film placed on top of a pe- 
riodical one dimensional domain structure [Fig. [2ja.) and 
(b)]. We account for the controllable domain distribu- 
tion by changing the ratio a of positively L( +%> and neg- 
atively magnetized domains while keeping the pe- 
riod L^ + ) + constant. Although this relative weight 
a can be changed through the variation of the returning 
field H ret , we assume a to be constant when measuring 
the superconducting properties (for more details on the 
model see Ref. [HI). The constancy of a is justified by 
the fact that the applied fields for measuring the super- 
conductor are much smaller than the coercive field of the 
magnetic structures [see light and dark grey regions in 
Fig. Ufa)]. The calculated T C (H) phase boundaries are 
shown in Fig. [He) as a function of a. The experimental 
phase boundaries are extracted from magnetoresistance 
measurements at different temperatures [see inset Fig. 
EJd)], using a 80% criterium of normal state resistance 
and are displayed in Fig. Hfd). 

Both theoretical and experimental results show strik- 
ing similarities which can be interpreted as follows. The 
phase boundary for a uniformly magnetized ferromag- 
netic film [curve a = and curve I in Fig. [3] is linear 
since there are no domains inside the ferromagnet and, 
consequently, the effect of the magnetic stray field is neg- 
ligible. 

By applying a certain H ret < 0, negative domains are 
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introduced into the ferromagnetic film. For instance, 
for H r et/H c = -1.05 [curve II in Fig. [^d)] the net 
magnetization is reduced to about 33% of the satura- 
tion magnetization. The associated microscopic configu- 
ration is expected to be similar to the domain distribu- 
tion shown in Fig. [TJe). By applying a negative exter- 
nal field, the stray field from the larger positive domains 
can be compensated and superconductivity will nucle- 
ate locally above these domains giving rise to a peak in 
the phase boundary located at negative fields. As a di- 
rect consequence of the increase of the ground energy of 
the " particle-in-a-box" , the maximal critical temperature 
decreases drastically as the width of the positive domain 
decreases [curves a = 0.1, a — 0.2 and curve II in Fig. [2]. 

A further increase of \H ret \ leads to a more pronounced 
decrease of the positive domains, resulting in an even 
lower T c . This peak is now located at even higher nega- 
tive fields, since the absolute value of the z-component of 
the field increases with decreasing domain size [Fig.[2jb)]. 
Simultaneously, the growth of negatively magnetized do- 
mains results in a more favorable OP nucleation above 
negative domains and, accordingly, a second peak in the 
critical temperature at H > develops [curve a = 0.5 
and curve III in Fig. [2]. The relative amplitude of 
these peaks is determined by the specific details of the 
magnetic domain structure. For a returning field of 
H ret /H c = —1.15 the remanent magnetization is close to 
zero, thus indicating the presence of an equal distribution 
of positive and negative domains. This domain structure 
gives rise to a nearly symmetric phase boundary [curve 
a = 1 and curve IV in Fig. [2J. Similar phase boundaries 
with two maxima have already been observed in S/F hy- 
brids, containing Nb and Pb films, and are attributed to 
domain wall superconductivity [h], EH, 14 1 . For higher 
H ret values the first peak, located at negative fields, dis- 
appears, whereas the peak at positive fields shifts up in 
temperature and is displaced to a lower field [curve V in 
Fig. [2] . This second peak will eventually evolve in a lin- 
ear phase boundary when the ferromagnetic film is fully 
magnetized in the negative direction. 

It is worth mentioning that the good agreement be- 
tween the experimental results and our simplified ID 
model indicates that the used model captures the essen- 
tial physics behind the magnetic confinement effect very 
well. Yet a small discrepancy exists near H = where 
theory predicts a small peak which is not observed in the 
experiment. This peak corresponds to a wide OP dis- 
tribution, spreading over many periods of the magnetic 
field modulation [15|. We believe that this delocalized 
state is suppressed by the irregular shape of the domain 
distribution present in the real system. 

We have applied the concept of tunable magnetic con- 
finement also to another S/F hybrid system, consisting 
of a superconducting Al film covering an array of mag- 
netic dots. The phase boundaries of such a structure in 
different magnetic states are shown in Fig. [3J Due to the 



FIG. 3: (color online) The phase boundaries T C (H) for an S/F 
hybrid, consisting of an Al film and an array of magnetic dots, 
in the demagnetized (I), the completely magnetized (II) and 
several intermediate magnetic states: H re t/H c = —0.99 (III), 
-1.28 (IV) and -1.54 (V), where H c = 227 mT. 



presence of the magnetic dots three different areas, where 
the OP can be localized, are present: above the positive 
or negative domains inside the magnetic dot (similar to 
the bilayered system considered above) and between the 
dots, where the local magnetic field is roughly determined 
by the average magnetization of the dots. If the dots are 
magnetized positively, there is a negative field between 
the dots and vice versa. Note that there are no analogues 
of such regions with zero magnetization in the S/F bilay- 
crs. 

In the demagnetized state [curve I in Fig. [3] the field 
in the region between the dots is approximately zero, 
accordingly superconductivity starts to nucleate at this 
position at relatively low magnetic fields. As a result, a 
linear phase boundary centered at zero field is observed. 
At higher fields (\H\ > 8 mT) there is a clear deviation 
from the expected linear behavior. Such magnetic bias 
can be explained by the compensation of the magnetic 
field above the positive and negative domains inside the 
magnetic dot, similar to the bilayered sample presented 
above. Interestingly this phase boundary combines field 
compensation effects in each of the three regions. 

By magnetizing the dots positively (i) the amplitude of 
the field in between the dots increases negatively and (ii) 
the typical size of the positive domains becomes larger 
than that for negative domains. As a result, the peak, 
associated with the OP localization in between the dots, 
shifts towards positive fields (so called field-induced su- 
perconductivity) and a second local T c maximum, corre- 
sponding to the appearance of superconductivity above 
the wider positive domains, appears, while the OP nu- 
cleation above narrower negative domains is suppressed 
[curves II-III in Fig. |3]. For negatively magnetized dots 
the reversed effect occurs [curves IV-V in Fig. [3]. It is 
important to note, that the amplitude of the main T c 
peak remains almost constant when the magnetic state 
of dots is changed [compare the curves I-V in Fig. [3jb)] . 
Indeed, since this peak corresponds to the nucleation of 
superconductivity in between the dots, the area of local- 
ization is almost independent of the dot's magnetic state. 

Summarizing, we have studied tunable magnetic con- 
finement of the superconducting OP in different S /F hy- 
brids, which originates from nonuniform magnetic fields 
induced by a ferromagnetic template. By manipulat- 
ing the domain structure in the ferromagnet through ap- 
propriate demagnetizing procedures, one can drastically 
change the position of the confined OP and, as a result, 
the shape of the phase boundary T C (H). In particular, 
restricting the area, where optimal field compensation 
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occurs, is shown to induce a systematic reduction of the 
critical temperature of the superconducting transition. 
We have demonstrated that both domain-wall supercon- 
ductivity and field-induced superconductivity are mani- 
festations of the magnetic confinement effect in different 
magnetic structures. 
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